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 This paper presents the radiation characteristics of a two-element collinear 
array of shunt-fed, slanted dipoles side-mounted to a metallic tower. It 
presents the radiation characteristics of the array as commonly implemented 
by FM broadcasters and suggests methods on how to optimize these 
characteristics such as the power gain, pattern circularity, side-lobe 
reduction, and horizontal-vertical polarization component ratio for the array 
to better conform to broadcast standards. By determining these 
characteristics using an advance antenna simulation software, optimization 
variables are identified, and their optimized values are determined. The 
optimized values lead to improved radiation characteristics of the array in 
conforming with broadcast requirements. Results show that adjusting the 
distance between the dipoles to less than one wavelength reduces the 
sidelobe of the array radiation pattern; varying the dipole physical 
specifications improves the polarization component ratio and the circularity 
of the radiation pattern. However, varying the dipole specifications also 
reduces the gain of the array. For applications requiring higher gains, other 
methods of realizing high collinear array gains are recommended. 
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1. INTRODUCTION  
FM antenna systems are constructed by stacking identical elements or bays creating a collinear 
array. The number of bays being stacked depends on the antenna gain (and the Effective Radiated Power, 
ERP) that a broadcast station needs to cover its target area for a particular transmitter power. For a typical 
provincial application and with a transmitter power of anywhere between 1 and 5 kilowatts, a two-bay 
collinear antenna array is normal. It is enough to balance the ERP and the antenna height to cover a province. 
An antenna system with a higher gain and elevation maybe able to transmit over long distances but fails to 
cover the vicinity of the antenna because of reduced beamwidth. Generally, this paper aims to identify the 
limitations of this simple (simplest collinear array) antenna system that finds applications in medium-power 
provincial FM broadcast stations, and to suggest some methods to optimize its radiation performance. The 
array makes use of the patented Circularly Polarized Antenna (CPA), technically the same as the shunt-fed, 
slanted dipole.  
Collinear arrays are used to realize higher antenna gains and are constructed by stacking identical 
bays. However, there are problems that need to be addressed with the use of the array: (1) presence of pattern 
nulls and the adverse effects of sidelobes (minor lobes); (2) effects of the metallic tower to the bays that tend 
to deviate the radiation pattern, and (3) the inherent non-compliant radiation characteristics of the CPA to 
broadcast standards. Stacking creates minor lobes and the number of which increases with the number of 
stacked elements [1-6]. One of the authors of this paper has a thorough discussion (including equations) on 
this topic in [1]. Minor lobes produce downward radiation and produce undesirable effects. Depending on the 
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ERP, downward radiation may result to reception difficulties like blanketing as well as exposing the 
environment to excessive radiation [7-14].  Also, the presence of sidelobes produce pattern nulls between 
lobes that reduce the signal level within the service area of the station. Further, in the implementation of a 
collinear array, the bays are side-mounted in metallic towers. Previous papers show that the tower has effects 
on the radiation characteristics of the CPA [15-17], especially on the circularity of its radiation pattern. A 
single element side-mounted CPA produces radiation characteristics that do not conform to existing 
broadcast standards. It is therefore expected that, for a two-element CPA collinear array, the radiation 
characteristics are also deviated from the ideal values.  
Regulatory bodies like the Federal Communications Commission of the United States and the 
Philippines’ National Telecommunications Commission accept three kinds of proof-of-performance of FM 
broadcast antennas. These are the antenna characterization results from (1) actual tests and measurements in 
situ, (2) measurements in antenna test ranges, and (3) mathematical modelling including the results from 
simulation softwares. Using an advanced antenna simulation software, this paper aims to present the radiation 
characteristics of a two-bay collinear array using side-mounted CPA elements and suggests some optimized 
antenna configurations to improve the array’s characteristics, particularly on the gain, pattern circularity, 
sidelobe reduction and horizontal-vertical polarization components ratio requirement. 
 
2. THE BAY 
Generally, the bay is developed to exhibit an omnidirectional radiation pattern on the horizontal 
plane; it could be horizontally (H-pol) or circularly (C-pol) polarized. For C-pol bays, the vertically polarized 
(V-pol) component must not be greater than the H-pol component. The bay used in this paper is the patented 
CPA. It is one of the most common antenna elements used in FM broadcast antenna systems. A lot of journal 
papers provide details of the CPA, especially on the physical dimensions and description of its construction 
and even its characterization in different situations and conditions [14-19]. The CPA or the slanted, shunt-fed 
dipole is illustrated in Figure 1 showing the isometric, top and front views. Two of this kind are used to form 
a collinear array in this paper. Its dimensions and other specifications are shown in Table 1. The wavelength 
that corresponds to a frequency in this paper is denoted by λ. Figure 1 and Table 1 are based on the 
presentations of [17] of the original patented CPA. In this paper, FEKO antenna simulation software is used 
in determining the radiation characteristics of the array, including the optimum values to produce the most 
desired radiation characteristics possible.   
Based on the results presented in [17], with a tower diameter of 4 inches and 0.375λ away from bay 
center, the CPA exhibits poor compliance to the required polarization component requirement, i.e. the V-pol 
component should not be greater than the H-pol component. Further, the radiation pattern circularity is 
affected by the presence of the metallic tower, especially the V-pol component. To improve bay performance, 
it is suggested that some bay dimensions and physical specifications must be adjusted.  
 
          
                     (a)                                                       (b)                                                       (c) 
 
Figure 1. The CPA in (a) isometric view, (b) top view and (c) front view. The metallic tower length is two 
wavelengths long. 
 




b (boom length) ¼ λ 
d (Boom and arm diameter) λ/120 
a (Arm length) ¼ λ 
α1 (Dipole1 Arm offset angle) 90
0 
α2 (Dipole2 Arm offset angle) 90
0 
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The set-up of the collinear array of two side-mounted CPA elements is shown in Figure 2. The 
radiation characteristics of the collinear array such as the gain, pattern circularity, side-lobe reduction and 
polarization components ratio will be presented, both for the initial and the optimised conditions. For the 
initial condition, the distance between bays, C, is set at one wavelength, and each bay follows the dimensions 
and specifications shown in Table 1. The tower-to-bay center distance, D, is initially set at 0.375λ. The set-up 
is simulated, and the radiation characteristics are then presented and analized. The metallic tower where the 
bays are mounted assumes a diameter size of 4 inches, the usual tower size used by broadcasters. 
Based on published papers [1-2] [18-24], the gain and the side-lobe can be adjusted by varying the 
distance between the bays (C). Also, the pattern circularity is altered by varying the tower distance from the 
bays (D), the skew angle (β) and the dipole arm offset angle (α). Lastly, V-pol and H-pol relationship is 
adjusted by varying the skew angle. The optimization variables are, therefore, D, C, β and α. The optimal 
values of these variables are determined using the optimization tool of the software used. 
 
 
Figure 2. The two-element collinear array set-up 
 
4. RESULTS AND DISCUSSIONS 
The illustrations shown in Figure 3 are the radiation characteristics of the collinear array in the 
initial condition. The simulation was done with a working frequency of 97.4885 MHz. This is the center 
frequency of the FM band (88-108 MHz) in the Philippines and the United States. Figure 3(a) is the polar 
plot of the gain in dBi on the azimuth illustrating the circularity of the radiation pattern. From this point on, 
all gains are referred to the gain of an isotropic antenna. As shown, the circularity is ±1.89 dB, satisfying the 
required circularity of ±2 dB for broadcast antennas. Note that the metallic tower is located at 1800 and has 
the effect of blocking the array radiation toward this direction. Figure 3(b) shows the polar plots of the power 
gains (total, V-pol and H-pol). This figure shows the performance of the collinear array to the H-pol over V-
pol component ratio requirement. The H-pol component is much smaller than the V-pol component. The 
collinear array definite fails in this requirement, i.e. the V-pol component must not be greater than the H-pol. 
This radiation characteristic needs improvement.  
Figure 3(c) is the radiation pattern of the array in the vertical plane with the cutting plane in the x-z 
(φ = 00) plane. Figure 3(d) differs from Figure 3(c) only in the cutting plane, being in the y-z (φ = 900) plane. 
Figure 3(c) has relatively smaller sidelobes (downward radiation) compared to Figure 3(d). In the former, the 
larger sidelobe has a power gain of 0.86 at 550 below the horizon (at θ = 1450), while the latter has a sidelobe 
power gain of 1.01 also at 550 below the horizon. At 550 below the horizon, the sidelobes radiate power near 
the base of the tower (about 32 meters from the tower base for a 45-meter tower) where the radiators are 
mounted. With the power gains in the sidelobes, a significant amount of power may produce blanketing and 
excessive radiation near the base of the antenna system. Reducing the amount of downward radiation due to 
the minor lobes is just proper. Also shown in Figure 3(c) and Figure 3(d), the beamwidths between half-
power points and first null are 300 and below. Although these beamwidth values can produce a good 
coverage in most applications, a higher beamwidth value is better. Figure 3(e) shows the highest power gain 
(expessed as a power ratio) of the array over the whole FM band. Along the direction of the x-axis (phi, φ = 
00), there is significant variation of the gain over the 20 MHz FM band. This is because of the effect of the 
metallic tower on the gain of the array. If the bandwidth of the array is to be improved, tower effect must be 
minimized. Along the y-axis (phi, φ = 900), the power gain is relatively constant. Note that the y-axis is 
perpendicular to the direction toward the tower; there is some sort of symmetry making the gain relatively the 
same. At the center frequency, the maximum power gain is 4.343 (6.378 dBi) and occurs at 700 on the 
horizontal plane.  
C 
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(a)                                                                      (b) 
    
     (c)      
 
                                                                                        (d) 
 
(e) 
Figure 3. The radiation characteristics of the collinear array at the initial conditions: (a) gain showing the 
circularity of the radiation pattern, (b) power gains comparing the H-pol and the V-pol components, (c) 
radiation pattern on the x-z vertical plane, (d) radiation pattern on the y-z vertical plane, (e) gain over the FM 
band 
 
From the results of the characterization of the array in the initial condition, it is suggested that (a) 
the downward radiation near the tower base must be reduced, (b) the V-pol component must be reduced and 
make the  H-pol component greater, and (c) the gain over the entire FM band is made relatively constant to 
improve the bandwidth of the array.  
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With the use of the optimization variables to address the problems and obtaining the desired 
radiation characteristics described above, the results of the optimization suggest that the optimum values of 
the variables are the following: skew angle (β) is 130, offset angle (α) is 800, tower-to-bay center distance (D) 
is at least one-half of a wavelength and bay distance of 0.7 of a wavelength. Figure 4(a) to Figure(d) illustrate 
the radiation characteristics of the optimized collinear array antenna simulated at the center of the FM band. 
The circularity of the optimized array is illustrated in Figure 4(a) using the power gain (dBi) polar plot of the 
array on the azimuth. The circularity is ±1.88 dB, which is slightly better than the circularity at initial 
condition. The H-pol/V-pol relationship is shown in Figure 4(b). The figure is a polar plot of the total power 
gain and its components on the horizontal plane. The H-pol at all angles is higher than its V-pol counterpart, 
thereby satisfying the H-pol/V-pol ratio requirement.  A value of the skew angle lower that is than 130 can 
further improve the H-pol/V-pol ratio, however, this decreases the gain of the antenna array. Figure 4(c) and 
Figure 4(d) are the radiation patterns of the array on the vertical plane. The cutting plane in the former is at 
the x-z (φ = 00) plane, while in the latter, the cutting plane is at the y-z (φ = 900) plane. At these planes, the 
highest downward radiation has a power gain of 0.11997 at about 650 below the horizon (at θ = 1550); there is 
a significant decrease in the gain compared to the initial condition. Also, the optimized array has a substantial 
increase in the beamwidth of the radiation pattern compared to the pattern beamwidth produced in the initial 
condition. With this beamwidth, greater antenna height is possible that allows coverage over long distances 
but not necessarily missing the immediate vicinity of the array. Further, a bay distance of 0.75λ can make the 
downward radiation to a minimum, but this also decreases the gain. Figure 4(e) shows the maximum power 
gain of the array over the entire FM band along the y- and x-axes. Compared to the initial condition, the gain 
of the optimized array has relatively flat response over the entire FM broadcast band. At 97.4885 MHz, the 
maximum power gain of the optimized array is 4.329 (6.364 dBi) at 900 on the azimuth, which is slightly 
below the value at the initial condition. 
 
                   
                                                 (a)                                                                       (b) 
 
 
                                                                          (c)              
 
    (d) 
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Figure 4. Radiation characteristics of the optimized collinear array: (a) gain showing the circularity 
of the radiation pattern, (b) power gains comparing the H-pol and the V-pol components, (c) radiation pattern 
on the x-z vertical plane, (d) radiation pattern on the y-z vertical plane, (e) gain over the FM band 
 
Though the optimized array is intended for FM broadcast applications, it is possible that it can find 
applications in other communication systems such as the ones discussed in [25-30]. When the optimized 
array is used in such systems, its advantages and limitations must be considered, and proper frequency 
scaling is necessary.  
  
5. CONCLUSION 
The radiation characteristics of a two-element CPA collinear array arranged in the most common 
way is presented as the initial condition in this paper. While it is true that the array produces a pattern with 
the required circularity and gain, little that we know that it is basically a V-pol radiator, i.e. the V-pol 
component of the radiation pattern is higher than the H-pol component. The downward radiation can produce 
excessive radiation near the tower base and can pose adverse effects, therefore, it needs to be reduced. 
Adjusting the distance between bays is effective in sidelobe reduction; inter-bay distance of 0.7λ is 
suggested. The skew angle is effective in increasing the H-pol component over the V-pol component, though 
a reduction of the total power gain is observed in so doing. Decreasing the offset angle improves the 
circularity but it also decreases the gain of the array. Generally, in complying with broadcast requirements, 
especially on circularity and polarization ratio, the gain is reduced. However, with proper balance, 
compliance and fair power gain value can be achieved. Since every responsible broadcaster is expected to 
conform to all broadcast requirements and standards, it is suggested that, for future directives, the optimum 
variable values described above are to be observed. Also, other ways in attaining higher gains to compensate 
for the gain reductions must be explored. A four-bay collinear antenna is recommended, however, its 
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